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Summary 1 
Barmah Forest virus (BFV) disease is the second common mosquito-borne disease 2 
in Australia, but the linkages of the wetlands and climate zones with BFV 3 
transmission remain unclear. We aimed to examine the relationship between the 4 
wetlands, climate zones and BFV risk in Queensland, Australia. Data on the 5 
wetlands, climate zones, population and BFV cases for the period 1992 and 2008 6 
were obtained from relevant government agencies. BFV risk was grouped as low-, 7 
medium- and high-level based on BFV incidence percentiles. The buffer zones 8 
around each BFV case were made using 1, 5, 10, 15, 20, 25 and 50km distances. 9 
We performed a discriminant analysis to determine the differences between wetland 10 
classes and BFV risk within each climate zone. The discriminant analyses show that 11 
saline 1, riverine and saline tidal influence were the most significant contributors to 12 
BFV risk in all climate and buffer zones, while lacustrine, palustrine, estuarine and 13 
saline 2 and saline 3 wetlands were less important. These models had classification 14 
accuracies of 76%, 98% and 100% for BFV risk in subtropical, tropical and 15 
temperate climate zone, respectively. This study demonstrates that BFV risk varied 16 
with wetland class and climate zone. The discriminant analysis is a useful tool to 17 
quantify the links between wetlands, climate zones and BFV risk.  18 
 19 
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Introduction 1 
With global environmental changes and rapid population growth, identification 2 
of the linkages between ecological factors and human health is becoming an 3 
important research focus and policy development. 1 The direct factors in enhancing 4 
the disease transmission are human populations, urbanisation and agriculture. 2 5 
However, for most vector-borne diseases, the relationship between ecosystems and 6 
disease ecology is poorly understood. A fundamental reason for this appears to lie in 7 
the traditional separation of scientific paradigms of ecology and epidemiology. An 8 
important task of disease ecology is to determine the relative contribution of social 9 
and environmental factors to the spatial heterogeneity of disease distribution. 3 10 
Generally, vector-borne diseases are particularly suitable for spatio-temporal 11 
analysis as they are highly influenced by climate and ecological changes. 4Thus, we 12 
propose to use wetlands as part of an ecosystem to examine the linkages between 13 
environmental changes and the ecology of mosquito-borne diseases.  14 
Approximately four percent of mainland Queensland, Australia, is classified as 15 
permanent or periodical wetlands. There are 210 wetlands in Queensland, occupying 16 
42,964,286 hectares of area, of which 181 are nationally important; 64 coastal 17 
wetlands, 140 inland wetlands and 23 human-made wetlands. As the population of 18 
Queensland is largely coastal and dispersed with most people living within close 19 
proximity to wetlands, there is a clear need for evaluating the potential impact of 20 
wetlands on the transmission of mosquito-borne diseases. 5 21 
Mosquitoes are usually a major component of wetland environments. 6 They 22 
require pools of water in which to breed and the short flight range of many species 23 
limits the adult populations to areas surrounding their breeding sites. 7 In general, 24 
wetlands provide a much greater area for potential larval sites, and often produce 25 
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many more mosquitoes, than the smaller sites traditionally associated with mosquito 1 
control. 8 2 
Barmah Forest virus (BFV) disease is one of the most common mosquito-3 
borne diseases in Australia and its incidence rates varied from 7.1 /100,000 4 
population to 17.8 across different states in 2008, with the majority of the cases from 5 
Queensland. BF virus has been isolated from many mosquito species, representing 6 
wide susceptibility among mosquitoes, and each has it’s own characteristics of 7 
preference for salt or fresh water, geographic distribution and preference for open 8 
pools or vegetated areas.  9 
Aedes vigilax (Skuse) and Culex annulirostris Skuse are the two most 10 
important vectors for BFV disease in Queensland. Ae. vigilax is a coastal saltmarsh 11 
mosquito, with habitats in low-lying estuarine land and mangrove swamps. 9 12 
Typically, it breeds in brackish water formed by high tides or rainfall accumulations in 13 
saline micro-habitats and occasionally in freshwater.  It disperses widely from the 14 
larval habitats, often downwind, and dispersal to 50km and more. Cx.annulirostris is 15 
a major fresh water mosquito in the inland areas.  It breeds in wetlands such as 16 
swamps, lagoons and transient grassy pools. This species travels up to 12km from 17 
breeding sites. These habitats may be scattered, relatively small in size, and may be 18 
unnoticed in and around urban areas where they pose greatest risk to human health.  19 
The transmission dynamics of BFV disease is complex, with several biotic 20 
(e.g., abundance and distribution of mosquitoes and susceptible vertebrate hosts) 21 
and abiotic (e.g., climate and landscape) factors.  Other human factors (e.g., 22 
behaviour and immunity) are also considered to be important in the transmission. 23 
Russell et al suggested that wetlands were directly responsible for an increased risk 24 
of mosquito-borne diseases due to an increase in mosquito breeding habitat. 8  Few 25 
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studies have evidenced the importance of breeding habitats in the occurrence or 1 
prevalence of mosquito-borne diseases. Dale et al 10 showed that breeding of Ae. 2 
vigilax in salt marshes in Queensland was related to particular habitat characteristics 3 
of Ross River virus (RRV) infection. Morris and Robinson 11 demonstrated the 4 
relationship between the spatial distribution of RRV mosquito larvae and 5 
environmental variables at and around breeding sites. Mosquito activity is linked to 6 
climatic zone features such as temperature and rainfall. However, detailed 7 
information on the spatial distribution of wetlands and their relationship to BFV 8 
disease in Australia is lacking. Therefore, in this study, we aimed to examine the 9 
spatial relationships between wetlands, climate zones and the BFV disease risk in 10 
Queensland.  11 
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Methods 1 
Study area 2 
Queensland, the third largest state in Australia, was chosen as the study area. 3 
It has a population of approximately 4 million people and covers 1,723,936 km2. The 4 
analysis was conducted at statistical local area (SLA) level, the smallest 5 
geographical unit in Australian census.  12The climate in Queensland varies markedly 6 
ranging from hot arid temperate, through warm wet tropical coastal belt, to mild 7 
subtropical zone. With this diversity, it demonstrates different degrees of spatial 8 
variability, particularly with regard to rainfall. The temperatures vary greatly 9 
throughout the state and each climatic zone has unique climatic conditions.  10 
Data collection 11 
BFV disease  12 
Laboratory-confirmed BFV disease cases in Queensland were obtained from 13 
Queensland Health for the years 1992 and 2008 inclusive. Details about BFV 14 
disease data and geocoding were described elsewhere.12 A total of 6,718 geocoded 15 
BFV cases were used for the analysis. BFV disease risk was grouped using the 25th  16 
and 75th percentiles 13 of BFV incidence rates at SLA level: areas with low-risk 17 
(29%), medium-risk (43 %) and high-risk (28%). Ethical approval for this study was 18 
obtained from the Human Research Ethics Committee, Queensland University of 19 
Technology.  20 
Population  21 
We obtained population data for each SLA for the latest census year, i.e., 22 
2006 and used these data to calculate BFV disease incidence rates by SLA (BFV 23 
cases in each SLA /SLA population*100,000 population).   24 
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Climate zones  1 
Gridded Koppen climate zone classification for Queensland identified six major 2 
climate zones: 1) tropical, 2) subtropical, 3) temperate, 4) equatorial, 5) grass land 3 
and 6) desert (Figure 1). These are intersected with the Interim Biogeographical 4 
Regionalisation for Australia sub-regions and represent the main climatic regions in 5 
Queensland (Fig 1), however, subregional level analysis was not in the scope of this 6 
study. Additionally, wetlands in the desert regions were not included as there were 7 
no BFV cases and also a limited number of wetlands. 8 
[Insert figure 1 about here] 9 
Wetlands in Queensland 10 
Wetland data including wetland classes and salinity modifiers and distribution 11 
and water sources data for the Queensland were obtained from Queensland 12 
Herbarium. A peer-reviewed and published wetland mapping and classification 13 
methodology 14 was used in this study in defining wetlands. 14 
The wetlands identified by this data set included the following eight wetland 15 
classes: 1) estuarine (E), 2) palustrine (P), 3) lacustrine (L) and 4) riverine (R) and 16 
four salinity modifiers: 5) saline 1 (fresh, S1), 6) saline 2 (hypo-saline, S2), 7) saline 17 
3 (saline, S3) and 8) saline tidal influence (subject to tidal influence, STI). We have 18 
included salinity modifiers in our analysis as literature suggests that some BF vectors 19 
prefer salt marsh areas as breeding habitats.  Marine wetlands were a low priority as 20 
the breeding capacity of mosquitoes was not possible since the water in the marine 21 
wetland system was never still and stagnant.  Hence, these wetlands were not 22 
considered in the analysis.  23 
Buffer zones 24 
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Given the large variability in the flight ranges for BF vectors and the likely 1 
relationships with the specific breeding habitats in various climate zones, we used 2 
buffers of various sizes that resulted in the closest association between BFV cases 3 
and climate zones. 4 
To examine the influence of wetlands on BFV disease, we created 1km, 5km, 5 
10km, 15km, 20km, 25km and 50km circular buffer zones around each BFV case, 6 
respectively. These distances were arbitrary distances based on the wide range of 7 
mosquito flight ranges. Tidal influenced wetlands were observed to extend up to 8 
50km inland from the coast. Therefore, we assumed that the maximum dispersal of 9 
adult BFV mosquitoes away from their larval habitats was 50km, based on the 10 
findings for BF vectors. 16 This assumption allows us to determine hypothetical 11 
source areas for the mosquitoes responsible for BFV disease transmission.  We 12 
used different zones in this analysis because different wetlands types might operate 13 
on influencing the risk of BFV at different scales. 14 
The buffered areas were overlaid on the wetland map to calculate the 15 
proportion of the area that each wetland falling within the buffer or being intersected 16 
by the buffer.  We calculated the area of each wetland site (in hectares) within each 17 
buffer zone using geographical information system tools. Each buffer zone thus 18 
represents an approximation of the area that potentially produces the mosquitoes 19 
biting within that wetland type.  20 
We developed a spatial database including the information on geocoded BFV 21 
cases, climate zones and buffer zones. Figure 2 shows an example of the spatial 22 
distribution of BFV cases and wetland classes for a small part of the study area. 23 
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Mapping and creating buffer zones was carried out using MapInfo Professional 1 
program incorporated with Vertical Mapper. 2 
[Insert figure 2 about here] 3 
Statistical analysis 4 
Descriptive analysis 5 
Descriptive analysis was conducted for each predictor variable and the 6 
dependent variable. To determine the relationship between BFV incidence rates and 7 
wetland buffer zones, Spearman correlations were applied. 8 
Discriminant analysis 9 
Discriminant analysis was used to determine how the predictors (wetland 10 
spatial area measures) were discriminated among the 3 levels of BFV disease risk 11 
(low, medium and high-risk) 13 The 56 predictor variables thus comprised eight 12 
predictors each at seven buffer zones. 13 
Within each climate zone, predictors also influence the outbreaks of BFV 14 
disease.  We speculated that the influence of predictors is variable across different 15 
climate zones. Hence, a separate analysis was also conducted between BFV 16 
disease risk, predictors in various climate zones to investigate the strength of 17 
discriminant analysis for different climates. The model was built based on a set of 18 
observations for which the groups were known. Based on this data set, the technique 19 
constructs a set of linear functions of the predictors, known as discriminant functions, 20 
such as Y= b1x1 + b2x2  + b3x3    …….+ bnxn + c Where the b’s are the standardised 21 
canonical discriminant function coefficients (SCDFC), the x’s are the standardised 22 
predictors or input variables and c is a constant. The magnitude of a coefficient thus 23 
indicates the relative importance of the corresponding predictor in classifying BFV 24 
disease risk. Each function is also associated with an eigenvalue; or relative weight, 25 
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which indicates the relative importance of that function in estimating the outcome. A 1 
function is typically determined to be important if the eigenvalue was greater than 1. 2 
If all eigenvalues are less than 1, the single function with the largest eigenvalue is 3 
selected. Separate matrices (to account for unequal group covariance matrices) 4 
were used when Box’s M test was significant (p=0.05) 13 and the prediction accuracy 5 
percentage changed substantially from a model that used a common matrix for all 6 
groups. Finally, probabilities of canonical classification of BFV disease risk, based on 7 
the set of discriminant functions, were obtained from the analysis. Cross-validation 8 
classification was used to determine whether the percentage of cross-validated 9 
grouped cases was correctly classified.13  10 
11 
 
Results 1 
Descriptive statistics 2 
The BFV incidence rates by climate zone are presented in Table 1.  3 
Equatorial climate zone had the highest mean BFV incidence rate and temperate 4 
had the lowest. Statistically significant correlations were found between BFV disease 5 
incidence rates and wetland variables of saline 1 at 5km, riverine at 50km and saline 6 
intertidal at 20km buffer zones. Likewise, significant negative associations were 7 
observed between lacustrine and estuarine wetlands at 50km buffer (Table 2).  8 
[Insert Table 1 about here]  9 
[Insert Table 2 about here] 10 
Discriminant analysis models 11 
A linear discriminant analysis was conducted to determine the relationship 12 
between predictors and BFV disease risk and to predict membership in the three 13 
mutually exclusive BFV disease risk groups (low, medium and high-risk). The 14 
analysis identified one function to predict BFV risk group (Table 3). The discriminant 15 
function accounted for 43.8% of the between group variability (canonical correlation 16 
coefficient = 0.662, eigenvalue = 0.779). The discriminant model was able to 17 
correctly classify 68% of original grouped cases and with 87%, 60% and 68% in 18 
each BFV risk class (low, medium or high-risk, respectively). The cross-validated 19 
classification showed that overall 68% were correctly classified. There was a 20 
negative association with saline tidal influence at 25km, palustrine at 20km and 21 
saline 1at 15km (standardised canonical discriminant function coefficient=-1.9, -1.6 22 
and -1.5), respectively in the analysis. The overall predictive accuracy of the 23 
12 
 
discriminant function shows that low-risk BFV was classified with better accuracy 1 
(87%) than medium (59%) and high-risk (67%).  2 
[Insert Table 3 about here] 3 
Predictive ability within climate zones  4 
The predictive ability of discriminant models in different climate zones is 5 
shown in Table 3. Among all the models, the highest discriminant function (99.7%) of 6 
the group variability (canonical correlation coefficient = 0.998, eigenvalue = 215.4) 7 
was accounted for temperate zone. The discriminant model was able to correctly 8 
classify 100% of the original grouped cases and with 100% in each of the low- and 9 
medium- risk classes of BFV disease. Within climate zone models, strong negative 10 
associations were observed with palustrine at 50km, palustrine at 10km, estuarine at 11 
25km, lacustrine at 20km and palustrine at 10km for subtropical, tropical, temperate, 12 
grassland and equatorial zones (standardised canonical discriminant function 13 
coefficient = -2.4, -7.7, -30.6, -11.4 and -8.6), respectively (see Table 3). 14 
The discriminant model in subtropical climate zone correctly classified 76% of 15 
cases, with 87%, 68% and 78% correct classification in each BFV risk group (low-, 16 
medium- and high-risk, respectively). In tropical zone, the percentage of correctly 17 
classified original cases was 98%, with group probabilities of 99%, 97% and 98% in 18 
each BFV risk group (low-, medium- and high-risk), respectively. The model 19 
accuracy was 100% in equatorial and grassland climate zones. All these models 20 
identified one function to predict BFV disease risk groups.  21 
The analyses identified 8 predictors which had the greatest discriminative 22 
power between the BFV disease risk groups: palustrine at 15km, palustrine at 20km, 23 
palustrine at 25 km, riverine at 15km, saline 1 at 15km, saline 1 at 20km, saline tidal 24 
13 
 
influence at 15km and saline tidal influence at 25km. Significant mean differences in 1 
the dependent variable were obtained for all of these predictors. 2 
   Further analyses were conducted to determine which predictor best 3 
discriminated and to identify predictions for the three BFV disease risk groups. A 4 
total of seven models were created, each consisting three BFV risk groups as 5 
dependent variable and predictors (eg, palustrine at 1km, lacustrine 1km etc.) (Table 6 
4).  7 
[Insert Table 4 about here] 8 
Models that demonstrated greater than 50% correct classification were 9 
models at 5, 10, 15, 20 and 25km buffer zones, respectively (accuracy ranging from 10 
52%-57%) with the highest accuracy (57%) at 20 and 25km buffer zones.  In all 11 
these models, saline 1, riverine and saline tidal influence types were identified as 12 
potential wetland variables, with differing order of importance. 13 
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Discussion 1 
 2 
In this study, spatial analyses using GIS tools have established a relationship 3 
between the wetlands, climate zones and BFV disease. Our results show that 4 
wetlands play an important role in the BFV distribution within Queensland climate 5 
zones. In particular, BFV mosquito breeding habitats may be generally located near 6 
saline 1, palustrine and estuarine type of wetlands (Tables 3 and 4). Climate zone 7 
features may also affect breeding habitats. For example, fresh water and estuarine 8 
habitats are more suitable for BFV mosquitoes in subtropical and tropical than other 9 
climate zones because of the favourable temperature and rainfall conditions. There 10 
appears to be a trend of high-risk of BFV disease concentrating in subtropical 11 
climate zone. In this zone, the model predictions compared to the original risk groups 12 
based on surveillance data were 76% accurate.  The predictive models developed in 13 
this study provided accurate predictions of risk geographically.  14 
Spearman correlations were conducted relating BFV incidence rates to 15 
predictor variables. Our results show that wetlands, such as palustrine, riverine, 16 
Saline 1, Saline 2 and Saline TI had strong positive significant correlations for all 17 
buffer distances.  Likewise BFV incidence rates had a positive correlation with 18 
estuarine, lacustrine and Saline 3 for small distances (<10km) and beyond that 19 
distance a negative correlation was observed (Table 2). This may be due to the inter-20 
correlations between wetlands interacting with each other at the same location. For 21 
example, palustrine wetlands could be located near to estuarine and the mosquito 22 
activity could be associated with either one or both simultaneously. Further, the 23 
notified locations of BFV cases were never in the same location as the wetlands and 24 
were always separated spatially.  This means, the notifiable street address was not 25 
within a wetland object in the GIS framework. Also, BFV cases were more densely 26 
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located in more densely populated areas, however, the correlation between 1 
residential density and wetland type density is unlikely to be constant. Future studies 2 
should investigate the correlations between residential density and wetland type 3 
density to determine significance of the influence of wetland type on BFV incidence 4 
rates. Investigations of this nature may reveal answers as to why some wetlands 5 
change from positive correlation at close distances to negative correlation at far 6 
distances. 7 
The size, geographic location and elevation, water quality of each wetland 8 
could also be an important consideration. In this study, palustrine wetlands are 9 
generally small but numerous and can be located quite close to populated areas.  10 
Conversely, estuarine wetlands are always located near coastline, thus their relative 11 
influence decreases with increasing buffer distances. Riverine wetlands are typically 12 
long and thin areas which can span large distances inland, and populated areas are 13 
often located surrounding a part of the riverine system. Thus, a relatively consistent 14 
trend in their influence on BFV disease can be expected with increasing buffer 15 
distances.  Lacustrine wetlands are more randomly located than other forms of 16 
wetlands and can exhibit greatly different surface areas. Thus, without a detailed 17 
study on wetland locations and areas and their correlations with populated areas, 18 
hypothesis on why their significance decreases with increasing buffer distances 19 
cannot be made.  20 
The ecological variables included in all these analyses were selected based 21 
on previous studies. 17, 18 However, the complexity of BFV disease transmission 22 
cycle cannot be completely explained by these variables. Factors such as 23 
temperature, rainfall, human immunity and behaviour will also affect interactions 24 
between the vector, environment and hosts. 19 In this study, our interest was to 25 
16 
 
establish a relationship between climatic zones and BFV risk rather than climate 1 
variability hence we did not include climate variables (for example, temperature and 2 
rainfall) and climate drivers such as ENSO events (for example, southern oscillation 3 
index). Moreover, given the unusual number of Enso events (short span of data) that 4 
occurred during the study period (1995, 1999, 2008), we cannot be certain about the 5 
strength of these events in model.  Furthermore, modelling at temporal scales such 6 
as interannual and seasonal was also not included in this study, although we 7 
consider these variables as valuable. However, our future research is focussed on 8 
the spatial and temporal distribution of risk factors of BFV disease to predict future 9 
epidemics. 10 
Our analysis showed that saline 1, saline 2, palustrine and estuarine wetlands 11 
were important discriminators of risk in subtropical zone. Distinctly dry summers and 12 
moderately dry winters, the characteristics of subtropical were associated with high-13 
risk areas, and in turn affect the abundance of Cx. annulirostris. 20 Likewise, saline1, 14 
palustrine, lacustrine and riverine were considered to be predominant factors in the 15 
prediction of risk in tropical zone. Persistently wet (rainforests) and monsoons 16 
(savannas), the distinctive features of tropical were associated with BFV vectors. 17 
Variables contributing to the model functions were fairly consistent across models.  18 
Furthermore, the discriminant analysis was able to predict the potential 19 
predictors which were responsible for BFV mosquito habitats. Our findings indicate 20 
that specific types of wetland within particular types of climate zone influence the 21 
BFV risk differently. This supports the previous finding that among mosquito-borne 22 
diseases, land cover/use influences various mosquitoes in larval habitat. 21 22 18  23 
Our study reveals a significant relationship between wetlands and BFV risk at 24 
various buffer zones within climate zones in Queensland. Among all the buffer 25 
17 
 
zones, saline 1 and riverine wetland classes at the 5km buffer zone had the highest 1 
correlation with BFV risk, followed by saline tidal influence wetlands (Table 3). In 2 
other word, saline 1 and riverine wetland would have more distribution and 3 
abundance of Cx. annulirostris population.  4 
The breeding sites of mosquitoes, especially wetlands, are important for 5 
understanding BFV disease epidemiology as well as for developing the most 6 
appropriate prevention and control strategies. The presence, abundance and 7 
behaviour of mosquitoes differs with type of wetland, geographic region, and the 8 
temporal and spatial conditions at the specific site. 23 In this study, we found that 9 
people living within 50km of buffer zone were identified as high-risk groups (Table 4). 10 
It indicates that BFV vectors could mostly belong to freshwater species (inland 11 
areas) based on their flight and dispersal range. 24  12 
Human land use eg., residential developments creates conditions that favour 13 
breeding by potential disease-carrying mosquitoes 25; however, an assessment of 14 
BFV disease risk and wetlands is often limited by the absence of systematic regional 15 
surveillance in these areas. Surveillance efforts for potential disease-carrying 16 
mosquitoes have necessarily focussed on areas of high population density where 17 
transmission rates are most abundant. 5  18 
The greatest risk of mosquito-borne diseases may come from mosquito 19 
habitats moving closer to human habitation and the more rapid development of 20 
mosquitoes and extended mosquito activity 26 due to a combination of hazards and 21 
vulnerability. Mosquitoes in coastal areas are believed to possess more infections 22 
than those in other regions. In Queensland, the extensive areas of wet lowland and 23 
intertidal areas along the coastal region contain many suitable breeding sites. 28 Risk 24 
of the disease is a function of spatial and temporal pattern of vector breeding 25 
18 
 
habitats 29 and also factors which affect vector distribution such as flight range  and 1 
the distribution of intermediate hosts and human factors. Usually, mosquitoes found 2 
up to 1.5km from breeding sites are at high risk, however, our results show that from 3 
1 to 5km are highly potential habitats for mosquitoes. Wetlands and some other 4 
water bodies such as temporary pools, especially formed due to tidal inundations, 5 
provide an ideal environment for mosquitoes breeding and survival. 5 Thus, we can 6 
conclude that BFV risks may be due to the combination of hazards and vulnerability 7 
and also differences between BF vector behaviour.    8 
This study has two important strengths. First, this is the first study which 9 
examined the association between wetlands, climate zones and BFV risk. Second, 10 
the modelling analysis was carried out using a large comprehensive database with 11 
17 years of BFV case data, wetland types and climate zones.   12 
This study also has two limitations. First, it does not consider the vegetation 13 
types in the modelling. Second, wetlands smaller than 1 hectare were not included in 14 
the particular data set.  15 
In conclusion, we found that types of wetland and climate zone were 16 
important in determining the distribution of BFV risk. This study shows that saline 1, 17 
palustrine, estuarine and saline intertidal wetlands are the important breeding 18 
habitats for BFV vectors in Queensland. Buffer zone analysis revealed potential 19 
breeding sites and their impacts in the BFV risk within climate zones. Addressing the 20 
issue of mosquito-borne disease control and wetland management is becoming 21 
urgent as the environment rapidly changes. The crucial part in this process is to 22 
determine the mosquito larval habitat ecology since control is most efficient at the 23 
larval stage when the spatial distribution is limited to water bodies 19. It also would 24 
substantially shrink the geographic extent that needs targeting in any control 25 
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programme. However, identifying and monitoring these conditions on a meaningful 1 
spatial scale is a daunting task in many circumstances. 2 
This analysis has the potential to make a unique contribution in understanding 3 
the relationship between the extent and nature of wetlands and the distribution of 4 
BFV disease in different climate and wetland buffer zones. These results may be 5 
useful in identifying most effective strategies to control and prevent BFV disease 6 
transmission across climate zones. Our modelling results are also applicable to 7 
management of other mosquito-borne diseases such as Ross River virus and 8 
dengue fever.  9 
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Tables 1 
Table 1: Descriptive statistics for BFV incidence by climate zone in Queensland  2 
Climate zone 
 
Mean Range Percentiles 
25 50 75 
Subtropical 296.93 7.85 - 1146.5 126.46 244.37 370.55 
Tropical 328.75 67.75 - 639.4 202.4 324.78 462.38 
Temperate 81.87 19.7 - 219.72 55.27 75.52 97.01 
Equatorial 635.04 170.65 - 825.35 345.22 825.36 825.36 
Grassland 360.0 134.11 - 931.32 156.53 263.37 425.76 
 
28 
 
 
Table 2: Correlations (rs) between BFV incidence rates and predictors in 
Queensland, 1992-2008   
Wetland 
(n=6718) 
1km 5km 10km 15km 20km 25km 50km 
Palustrine 0.11* 0.15* 0.23* 0.26* 0.24* 0.23* 0.13* 
Estuarine 0.08* 0.08* 0.09* 0.07* 0.02* -0.03* -0.26* 
Lacustrine 0.02 0.03* -0.05* -0.14* -0.21* -0.22* -0.32* 
Riverine 0.19* 0.29* 0.33* 0.33* 0.31* 0.29* 0.34* 
Saline 1 0.24* 0.38* 0.38* 0.36* 0.34* 0.34* 0.23* 
Saline 2 0.05* 0.12* 0.09* 0.12* 0.13* 0.13* 0.18* 
Saline 3 0.05* 0.03* 0.00 -0.02 -0.06* -0.12* -0.27* 
Saline STI  0.15* 0.14* 0.19* 0.24* 0.26* 0.25* 0.14* 
*Significant at the 0.01 level
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Table 3: Significant predictor variables in order of decreasing standardised canonical discriminant function coefficient in the models  
Model Overall Subtropical Tropical Temperate Equatorial Grassland 
Total sampled (n) 6718 4769 394 24 37 98 
Observed categories (n)     Low 1638 1407 75 22 12 8 
                                        Medium 3343 2105 157 2 25 46 
                                            High 1737 1257 162 0 0 44 
Correctly classified cases (%) 68 76 98 100 100 100 
Significant variables (SCDFC) STI-25 (-1.9) S1-50 (2.7) S1-10 (8.4) E-25 (-30.6) P-10 (-8.6) L-15 (17.5) 
 P-15 (1.6) S2-5 (2.5) P-50 (7.3) E-10 (26.9) P15 (7.6) P-20 (11.8) 
 P-20 (-1.6) P-50 (-2.4) L-50 (3.6) P-50 (17.5) E-10 (-3.5) L-20 (-11.4) 
 P-25 (1.5) S1-15 (-1.9) R-25 (2.6) P-25 (-8.5) E-50 (2.3) P-15 (-8.9) 
 S1-15 (-1.5) S1-10 (-1.8) R-50 (2.2) L-15 (4.0) L-5 (2.0) L-10 (-6.2) 
 R-15 (1.2) P-10 (1.5) P-20 (1.9) L-5 (-4.0) S2-25 (1.9) S2-25 (-5.8)  
 STI-20 (1.2) E-10 (1.5)  S2-25 (1.1) L-20 (-2.7) P-50 (-1.4) P-50 (3.3) 
Eigenvalue - Function 1 
Function 2 
0.77 
0.29 
1.20 
0.40 
18.02 
4.99 
215.40 
- 
108.50 
- 
41.60 
5.08 
Wilka’s Lambda - Function 1 0.43 0.32 0.00 0.00 0.00 0.00 
30 
 
Function 2 0.77 0.71 0.16 - - 0.16 
Canonical correlation coefficient 0.66 0.74 0.97 0.99 0.99 0.98 
Group probability (%)         Low 87 87 99 100 100 100 
                                       Medium 60 68 97 100 100 100 
                                         High 67 78 98 - - 100 
P- palustrine; E-estuarine; L-lacustrine; R-riverine; S1-saline 1;S 2-saline 2; S3-saline 3 and STI-saline tidal influence 
  
31 
 
Table 4: Significant predictor variables in order of decreasing standardised canonical discriminant function coefficient to determine 
potential habitats for Barmah Forest virus vectors at various buffer zones using discriminant analysis 
Model 1 km 5 km 10 km 15 m 20 km 25 km 50 km 
Correctly classified cases (%) 52 51 55 54 57 57 50 
Significant variables (SCDFC) S1 (0.6) S1 (0.5) S1 (0.6) S1(0.6) S1 (0.6) S1 (0.6) STI (0.5) 
 STI (0.4) STI (0.4) R (0.5) STI (0.5) STI (0.5) STI (0.5) P (0.3) 
 E (0.2) E (0.2) STI (0.4) R (0.4) R (0.3) R (0.3) R (0.3) 
 L (-0.1) S3 (0.1) E (0.2) E (0.1) P (0.9) P (0.1) S1 (0.3) 
 P (-0.1) L (0.9) L (-0.1) L (-0.1) L (-0.1) S2 (0.0) E (-0.4) 
Eigenvalue: Function 1 0.09 0.22 0.30 0.32 0.31 0.31 0.31 
Function 2 0.01 0.06 0.06 0.06 0.06 0.06 0.09 
Wilka’s Lambda: Function 1 0.89 0.77 0.72 0.71 0.72 0.71 0.69 
Function 2 0.98 0.94 0.93 0.94 0.94 0.93 0.91 
Canonical correlation coefficient 0.29 0.42 0.48 0.49 0.48 0.49 0.48 
Group probability (%):            Low 83 83 84 86 88 90 80 
                             Medium 19 33 38 36 43 42 32 
                                  High 40 57 62 57 53 55 55 
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P: palustrine; E: estuarine; L: lacustrine; R: riverine; S1: saline 1; S2: saline 2; S3: saline 3; STI: saline tidal influence
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Figure legends 
Figure 1: Koppen climate classification as illustrated by the Australian Bureau of 
Meteorology 
Figure 2: Sample area of Queensland showing spatial distribution of BFV cases and 
(A) wetlands (locations only) and streets (indicating urban areas); (B) wetlands 
(locations and classes); (C) wetlands (locations and salinity modifiers or tidal 
influence). 
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